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ABSTRACT — Sea urchin egg jelly consists of a fucose sulfate glycoconjugate, a sialoglycoprotein and 
sperm-activiting peptides. The fucose sulfate glycoconjugate isolated from the solubilized jelly layer 
of Hemicentrotus pulcherrimus is composed of several proteins (a sugar-containing core protein, a 258 
kDa protein, a 237 kDa protein and a 120 kDa protein); the substance plays a major role in the 
inducetion of the acrosome reaction in Hemicentrotus pulcherrimus spermatozoa. The protein 
components of the fucose sulfate glycoconjugate seem to be associated with one another through 
disulfide bonds. Sixty-three sperm-activating peptides have been isolated from the solubilized jelly 
layers of fifteen sea urchin species distributed over four taxonomic orders. Sperm-activating peptides 
stimulate sperm respiraton and motility, increase the levels of both cAMP and cGMP in sea urchin 
sperm cells, induce net H + efflux from sea urchin spermatozoa and cause a shift in the mobility of 
guanylate cyclase, a major sperm plasma protein, on an SDS-polyacrylamide gel. These peptides are 
specific at the ordinal level and are classified into four groups, i.e., sperm-activating peptide I (SAP-I), 
sperm-activating peptide II (SAP-II), sperm-activating peptide III (SAP-Ill) and sperm-activating 
peptide IV (SAP-IV). SAP-I (Gly-Phe- Asp-Leu- Asn-Gly-Gly-Gly-Val-Gly) promotes the induction 
of the acrosome reaction in Hemicentrotus pulcherrimus spermatozoa by acting as a specific co-factor 
of the fucose sulfate glycoconjugate. 


INTRODUCTION 

Sea urchin eggs are surrounded by a transpa- 
rent, gelatinous matrix called the jelly layer, 
through which spermatozoa must pass before 
reaching the plasma membrane of the egg during 
fertilization. The jelly layer has been shown to 
induce the acrosome reaction, which was first 
described in detail by Dan [1-14]. The jelly layer 
of sea urchins mainly consists of polysaccharide- 
protein complexes which can be separated into a 
fucose sulfate glycoconjugate and a sialoglycopro- 
tein [13, 15-22]. The latter is considered to cause 
sperm-isoagglutination and the former to be re- 
sponsible for the induction of the acrosome reac- 
tion. The acrosome reaction in spermatozoa is an 
essential requirement for fertilization of eggs in 
many animals [23-43]. In sea urchins, the acro- 
some reaction occurs within seconds after sperma- 
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tozoa have come into contact with the egg jelly 
layer [4, 9-14, 43] or the egg surface component, a 
sperm-binding factor on the vitelline membrane 
[45]. 

Considering the large number of acidic groups 
belonging to the ester-linked sulfate in the fucose 
sulfate glycoconjugate and carboxyl residues in the 
bound sialic acids of the sialoglycoprotein, it fol- 
lows that the pH values within the jelly layer would 
be lower than the pH of normal sea water [46-47]. 
At low pH values, the respiration and motility of 
sea urchin spermatozoa are markedly reduced and 
their movements in the jelly layer, therefore, are 
slower than those that prevail in sea water [48-51]. 
Thus, one can surmise that the egg jelly is provided 
with a system of controlling motility and respira- 
tion, because the spermatozoa need to maintain 
their activity at the initial high level attained in sea 
water during their passage through the acidic en- 
vironment of the jelly layer to reach the egg 
surface. 
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It has been known for over 70 years that the jelly 
layers of certain species of sea urchins, dissolved in 
sea water, are able to cause a transient activation 
of sperm motility and sperm agglutination [52]. 
Since then many investigators have shown that 
soluble factors associated with sea urchin eggs 
stimulate the motility and respiration of sea urchin 
spermatozoa [53-58]. However, such stimulation 
has only been seen on occasion and has been 
difficult to reproduce. In 1976, Ohtake demons- 
trated that the respiration of sea urchin spermato- 
zoa could be reproducibly stimulated by jelly layer 
factors obtained from the sea urchin Pseudocentro- 
tus depressus if the extracellular pH was main- 
tained at acidic values [50-51]. Thereafter, Kopf 
et al. and Hansbrough and Garbers reported that 
the jelly layer of the sea urchin Strongylocentrotus 
purpuratus contains a substance which elevates the 
respiration rates and cyclic nucleotide concentra- 
tions in Strongylocentrotus purpuratus spermato- 
zoa [59-61]. Hansbrough and Garbers named the 
substance speract which stands for sperm- 
activating peptide. In 1981, my collaborators and I 
first purified a substance from the solubilized jelly 


layer of the sea urchin Hemicentrotus pulcherrimus 
and demonstrated that the substance is a decapep- 
tide whose structure is Gly-Phe-Asp-Leu-Asn-Gly- 
Gly-Gly-Val-Gly and stimulates the respiration 
and motility of Hemicentrotus pulcherrimus sper- 
matozoa [62]. The same peptide has also been 
purified from the solubilized jelly layer of Strongy- 
locentrotus purpuratus [63]. 

PURIFICATION OF EGG JELLY 
MOLECULES 

Since the jelly layer of sea urchin mainly consists 
of highly viscous large molecular weight polysac- 
charide-protein complexes, it is quite difficult to 
deal with an intact jelly layer using common 
biochemical methods. In preparation for analysis 
of the jelly layer, it must first be dissolved, which is 
accomplished by treating eggs with sea water ad- 
justed to pH 5.0 or 5.5 (Fig. 1). The centrifuged 
supernatant (solubilized jelly layer) is used for the 
purification of jelly molecules. 

To purify sperm-activating peptides, the solubil- 
ized jelly layer is mixed with a 2-fold volume of 
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Fig. 1. Schematic drawing of the purification procedure for sea urchin egg jelly molecules. 
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99% ethanol and then centrifuged. The resulting 
supernatant is concentrated under reduced press- 
ure at 50°C and lipids are removed by chloroform 
extraction. The water layer is then lyophilized and 
the residue, dissolved in deionized and distilled 
water (DDW), is used for peptide purification. 
When my collaborators and I first isolated sperm- 
activating peptides from the solubilized jelly layer 
of Hemicentrotus pulcherrimus, we used sequential 
chromatographies on Sephadex G-25, DEAE- 
Sephadex A-25, Sephadex G-15 and Avicell SF 
thin layer plate [62]. At that time we used about 20 
liters of solubilized jelly layer prepared from 5,000 
female sea urchins. This procedure, however, was 
time-consuming and required a large amount of 
solubilized jelly layer to obtain pure peptides. We 
then modified the purification procedure and we 
now use sequential high performance liquid chro- 
matography (HPLC) on a reverse-phase column to 
purify the peptides [64]. In general, separations 
are carried out using a combination of the fllowing 
programs. Program I: Flow rate is 9.9 ml/min, the 
column (Shimpack C-8 Prep, particle size 5 pm, 20 
X 250 mm) is equilibrated with 5% acetonitrile 
(ACN) in 0.1% trifluroacetic acid (TFA) in DDW 
and eluted 15 min with equilibration solvent, fol- 
lowed by elution with 60% ACN in TFA in DDW 
for the next 15 min. Program II: Flow rate is 1.0 
ml/min, the column (Unisil C-8, particle size 5 pm, 
4.6x250 mm) is equilibrated with 10% ACN in 
0.1% TFA in DDW and eluted for 10 min with 
equilibration solvent, followed by a linear gradient 
of ACN from 10% to 50% in 0.1% TFA in DDW 
over a 50 min time period. Program III: Flow rate 
is 1.0 ml/min, the same column used in Program II 
is equilibrated with 5% ACN in 5 mM sodium 
phosphate (pH 5.7) and eluted for 20 min with the 
equilibration solvent, followed by a linear gradient 
of ACN from 5% to 30% in 5 mM sodium phos- 
phate (pH 5.7) over a 40 min time period. By 
using this modified procedure, we purified three 
new sperm-activating peptides from solubilized 
jelly layer obtained from 150 female Hemicentro- 
tus pulcherrimus sea urchins. 

For purification of the large molecular weight 
components of the jelly layer, solubilized jelly 
layer is dialyzed against 0.1 M NaCl and then 
applied to a Sepharose 2B column equilibrated 


with 0.1 M NaCl at 4°C [17-18, 65]. Fucose- 
containing material is eluted earlier than the mate- 
rial containing sialic acid. To purify a fucose 
sulfate glycoconjugate, fractions containing fucose 
are subjected to chromatography on a Sepharose 
CL-2B column with 7 M urea containing 10 mM 
HEPES (pH 7.0) [18, 65]. The purified fucose 
sulfate glycoconjugate which contains one mol 
sulfate/mol fucose possesses 2.0 times the amount 
of protein to fucose by weight. When further 
purification is needed, a fucose sulfate glycoconju- 
gate containing-fraction obtained from Sepharose 
CL-2B gel filtration is subjected to HPLC on a 
TSK G-6000 PW column equilibrated with 0.1 M 
sodium phosphate (pH 6.8) containing 0.1% SDS. 

Fractions containing sialic acid obtained from 
chromatography of solubilized jelly layer on a 
Sepharose 2B column are pooled and then di- 
alyzed against 10 mM sodium acetate (pH 5.0) 
containing 0.1 M NaCl and chromatographed on a 
DEAE-Sephadex A-25 column with a linear gra- 
dient of NaCl from 0.1 M to 1.2 M in sodium 
acetate (pH 5.0) [65]. Fraction containing sialic 
acid are pooled and dialyzed against DDW. Solid 
guanidine hydrochloride, CsCl and 1 M sodium 
acetate (pH 5.0) are added to the dialysate at final 
concentrations of 4 M, 0.47 g/ml and 10 mM, re- 
spectively. The solution is centrifuged at 100,000 
Xg for 48 hr in a Hitachi RPS 50 rotor at 4°C. A 
sialoglycoprotein is obtained from the clear, bot- 
tom fraction with a density of 1.47 g/ml. The 
sialoglycoprotein consists of sialic acid (90%, w/w) 
and protein (10%, w/w). 

It should be noted that in the case of 
Hemicentrotus pulcherrimus , the fucose-containing 
material becomes insoluble in a 1 M NaCl solution 
upon freeze-thawing. About 80% of the fucose in 
the original solubilized jelly layer is recovered in 
the precipitate fraction by centrifugation at 10,000 
Xg for 30 min (Fig. 1) [65]. The precipitate thus 
obtained dissolves easily in DDW but not in arti- 
ficial sea water (ASW) or even in 4 M guanidine 
hydrochloride solution. The supernatant fraction 
contains about 76% of the sialic acid present in the 
original solubilized jelly layer. Thus, we some- 
times use the precipitate or the supernatant frac- 
tion for the purification of a fucose sulfate glyco- 
conjugate or a sialoglycoprotein. However, this 
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works only with solubilized jelly layer prepared 
from Hemicentrotus pulcherrimus eggs. The solu- 
bilized jelly layer obtained from Anthocidaris cras- 


sispina, Strongylocentrotus nudus, Pseudocentrotus 
depressus or Clypeaster japonicus does not precipi- 
tate upon freeze-thawing [66]. 


Table 1. Sperm-activating peptides from the egg jelly of various species of sea urchins* 


Subclass Regularia 
Order Diadematoida 
Suborder Diademina 
Family Diadematoidae 

Di adema setosu m 

GCPWGGAVC (SAP-IV, Mw 847) 

Order Arbacioida 

Suborder Phymosomatina 
Family Phymosomatidae 

Glyptocidaris crenularis 

SAKLCPGGNCV (Ser, Ala-SAP-IIB, Mw 1048) 
KLCPGGNCV (SAP-IIB, Mw 890) 

LCPGGNCV (Des-LyskSAP-IIB, Mw 762) 
SFKLCPGGQCV (ser, Phe-[Gln 7 ]-SAP-IIB, Mw 1138) 
KLCPGGOCV (]Gln 7 ]-SAP-IIB, Mw 904) 
LCPGGOCV (Des-Lys^Gln^-SAP-IIB, Mw 776) 


Suborder Arbacina 
Family Arbaciidae 

CVTGAPGCVGGGRL-NH 2 (SAP-IIA, Mw 1245) 


Order Echinoida 
Suborder Temnopleurina 
Family Toxopneustidae 
Lytechinus pictus 

GFDLTGGGVQ ([Thr 5 , Gln‘°]-SAP-I, Mw 950) 
FDLTGGGVQ (Des-Gly‘-[Thr 5 , Gln 10 ]-SAP-I, Mw 893) 


Tripneustes gratilla 
GFDLNGGGVG 
GFNLNGGGVG 
GFSIGGGGVG 
GFDLGGGGVG 
GFSLGGGGVG 
GFGLGGGGVG 
G(Br-F)NLNGGGVG 
G(Br-F)DLNGGGVG 


(SAP-I, 892) 

(Asn 3 ]-SAP-I, Mw 891) 

([Ser 3 , lie 4 , Gly 5 ]-SAP-I, 
([Gly 5 ]-SAP-I. Mw 835) 

([Ser 3 , Gly s ]-SAP-I, Mw 
([Gly 3-5 ]-SAP-I, Mw 777) 

([Br-Phe 2 , Asn 3 ]-SAP-I, Mw 971) 
([Br-Phe 2 ]-SAP-1, Mw 972) 


Mw 807) 
807) 


Pseudoboletia maculata 

GFALDGVN (Des-Gly 6 ’ 7 -[Ala 3 , Asp 5 ,’ Asn 10 ]-SAP-I, Mw 792) 

GFALDGVG (Des-Gly 6 ’ 7 -[Ala 3 , Asp 5 ]-SAP-I, Mw 735) 


Pseudocentrotus depressus 
GFDLNGGGVG (SAP-I, Mw 892) 
GFDLTGGGVG (Thr 5 ]-SAP-I, Mw 879) 
GFALGGGGVG (Ala 3 , Gly 5 ]-SAP-I, Mw 791) 


Suborder Echinina 

Family Strongylocentrotidae 

Strongylocentrotus nudus 
GFDLNGGGVG (SAP-I, Mw 892) 
GFSLSGGGVG ([Ser 3 ’ 5 |-SAP-I, Mw 837) 
GFALGGGGVG ([Ala 3 , Gly 5 ]-SAP-1, Mw 791) 
GFSLGGGGVG ([Ser 3 , Gly 5 |-SAP-I, Mw 807) 
GFDLTGGGVG ([Thr [-SAP-I, Mw 879) 
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Strongylocentrotus purpuratus 
GFDLNGGGVG (SAP-I, Mw 892) 
GFALGGGGVG ([Ala 3 , Gly s ]-SAP-I, Mw 791) 
GFSLTGGGVG ([Ser 3 , Thr 5 j-SAP-I, Mw 851) 


Hemicentrotus pulcherrimus 


GFDLNGGGVG 

GFDLTGGGVG 

GFSLNGGGVS 

SFALGGGGVG 

GFSLSGSGVD 


(SAP-I, Mw 892) 

([Thr 5 ]-SAP-I, Mw 879) 
([Ser 310 ]-SAP-I, Mw 894) 

([Ser 1 , Ala 3 , Gly 5 ]-SAP-I, Mw 821) 
([Ser 3 - 5,7 , Asp 10 ]-SAP-I, Mw 925) 


Family Echinometridae 

Echinometra mathaei (type A) 

GYSLSGGAVD ([Tyr 2 , Ser 3 - 5 , Ala 8 , Asp 10 ]-SAP-I, Mw 925) 

GFALSGGGVG ([Ala 3 , Ser 5 ]-SAP-I, Mw 821) 

GFSLSGGGVG ([Ser 3 - 5 ]-SAP-I, Mw 837) 

GFDLTGGGVG ([Thr 5 ]-SAP-I, Mw 879) 


Echinometra mathaei (type B) 

GYSLSGGAVD ([Tyr 2 , Ser 3 ' 5 , Ala 8 , Asp 10 ]-SAP-I, Mw 925) 
GYNLNGDRID ([Try 2 , Asn 3 , Asp 7 - 10 , Arg 8 , Ile 9 ]-SAP-I, Mw 1136) 
GFSLSGGGVG ([Ser 3 - 5 ]-SAP-I, Mw 837) 

GFDLTGGGVG ([Thr 5 ]-SAP-I, Mw 879) 


Anthocidaris crassispina 
GFDLTGGGVG ([Thr 5 ]-SAP-I, Mw 879) 
GFDLSGGGVG ([Ser 5 ]-SAP-I, Mw 865) 
GFSLSGSGVG (Ser 3 - 5 - 7 ]-SAP-I, 867) 


Heterocentrotus mammillatus 

GTLPTGSGVS ([Thr 2 - 5 , Leu 3 , Pro 4 , Ser 7 - 10 ]-SAP-I, Mw 875) 
GFEMGGTGVG ([Glu 3 , Met 4 , Gly 5 , Thr 7 ]-SAP-I, Mw 911) 
GYNLGGGGID ([Tyr 2 , Asn 3 , Gly 5 , lie 9 , Asp 10 ]-SAP-I, Mw 922) 
GFGLSGGGIG ([Gly 3 , Ser 5 , Ile 9 J-SAP-I, Mw 821) 


Subclass Irregularia 
Order Clypeasteroida 
Suborder Clypeasterina 
Family Clypeasteroidae 

Clypeaster japonicus 
DSDSAQNLIG (SAP-Ill, Mw 1019) 
GTDSAQNLIG 
SDSAQNLIG 
DSDSAHLIG 
DTDSAHLIG 


([Gly 1 , Thr 2 ] -SAP-Ill, Mw 975) 
(Des-Asp’-SAP-III, Mw 904) 
(Des-Asn 7 -[His 6 ]-SAP-III, Mw 914) 
(Des-Asn 7 -[Thr 2 , His 6 ]-SAP-III, Mw 928) 


NTDSAHLIG 

GTDSAHLIG 

SDSAHLIG 

DSDSAFLIG 


(Des-Asn 7 -[Asn‘, Thr 2 , His 6 ]-SAP-III, Mw 928) 
(Des-Asn 7 -[Gly\ Thr 2 , His 6 ]-SAP-III, Mw 870) 
(Des-Asp 1 , Asn 7 -[His 6 ]-SAP-III , Mw 799) 

(Des- Asn 7 -[Phe 6 ]-S AP-III , Mw 924) 


Suborder Laganina 
Family Astriclypeidae 

Astriclypeus manni 

DSDSAHLIG (Des-Asn 7 -[His 6 ]-SAP-III, Mw 914) 

DTDSAHLIG (Des-Asn 7 -[Thr 2 , His 6 )-SAP-III, Mw 928) 

TDSAHLIG (Des-Asp 1 , Asn 7 -[Thr 2 , His 6 ]-SAP-III, Mw 813) 


* Amino acids in the sequences are given a one-letter abbreviation: asparagine (N), aspartic 
acid (D), alanine (A), arginine (R), isoleucine (I), glycine (G), glutamine (Q), glutamic acid 
(E), cystine (C C), cysteine (C), serine (S), tyrosine (Y), tryptophan (W), valine (V), histidine 
(H), phenylalanine (F), proline (P), methionine (M), lysine (K) and leucine (L). 
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Table 2. Respiratory stimulating effect of sperm-activating peptides on sea urchin sperma- 
tozoa 



Diadem a 
setosum 

Spermatozoa used 
Glyptocidaris Hemicentrotus 

crenularis pulcherrimus 

Clypeaster 

japonicus 

SAP-IV 

+ 

- 

- 

- 

SAP-IIB 

- 

+ 

- 

- 

SAP-IIA 

- 

+ 

- 

- 

SAP-I 

- 

- 

+ 

- 

SAP-Ill 

- 

- 

- 

+ 


The respiratory-stimulating activity of a sperm-activating peptide is expressed as a plus sign ( + ) 
when the peptide stimulated sperm respiration one half-maximally less than 5 nM. When the 
half-maximal respiratory stimulation was induced by a peptide concentration between 5 and 500 
nM, the plus-minus sign ( + ) was used. Practically no respiratory stimulation was depicted by a 
minus sign (— ). 


SPERM-ACTIVATING PEPTIDES 

During the last ten years, my collaborators and I 
purified sixty-three sperm-activating peptides from 
the solubilized jelly layer obtained from eggs of 
fifteen sea urchin species distributed over four 
taxonomic orders (Table 1) [62, 67-75]. These 
peptides essentially demonstrate the same biolo- 
gical activity toward a given sea urchin spermato- 
zoa although the biological activities of the pep- 
tides are specific at the ordinal level (Table 2) [76- 
77]. Considering structure and biological specific- 
ity, the peptides can be classified into four groups, 
i.e., sperm-activating peptide I from the species in 
the order Echinoida, sperm-activating peptide II 
(subclass A and B) from the species in the order 
Arbacioida, sperm-activating peptide III from the 
species in the order Clypeasteroida and sperm- 
activating peptide IV from the species in the order 
Diadematoida. These groups of peptides may be 
abbreviated as SAP-I, SAP-II, SAP-Ill and SAP- 
IV [64]. 

The peptides stimulate the decreased respiration 
rates of sea urchin spermatozoa due to the aci- 
dification of sea water, back to the level of respira- 
tion rates in normal sea water [68]. The stimulated 
respiration rate does not exceed that of spermato- 
zoa in normal sea water even if large amounts of 
peptides are added to the sperm suspension 
medium. The respiratory stimulation induced by 
the peptide continues for a few minutes and then 
sperm respiration rates usually decline to the basal 


rate normally observed at that particular pH. 
After reaching the basal state, spermatozoa can 
again be stimulated by the addition of peptide. 
This is also true when respiratory stimulation is 
induced by solubilized jelly layer. When a limited 
concentration of peptide is used for respiratory 
stimulation of spermatozoa and the sperm sus- 
pending medium is centrifuged before the second 
addition of peptide, the resultant supernatant 
fluid, upon examination for respiration-stimulating 
activity toward spermatozoa, does not stimulate 
sperm respiration [78]. This suggests that the 
peptide binds tightly to the spermatozoa. Smith 
and Garbers reported that Strongylocentrotiis pnr- 
puratus spermatozoa had approximately 6,000- 
8,000 binding sites (receptors)/cell specific for 
SAP-I [79]. We suggested that in Hemicentrotus 
pulcherrimus spermatozoa, the receptors exclu- 
sively localize on the sperm tail [78]. 

Monensin, an ionophore that catalyzes an elec- 
tro-neutral Na + /H + exchange across the cell mem- 
brane stimulates sea urchin sperm respiration and 
motility one half-maximally at about 1-10 /iM, 
and induces a Na + -dependent net proton efflux as 
well as an increased flux of Na + in both directions 
across the cell membrane [61, 68, 80-82]. Sperm- 
activating peptide stimulate sperm respiration one 
half-maximally at about 10-100 pM. The respira- 
tory stimulation induced by SAP-I or monensin is 
dependent on the concentration of external Na + 
[61, 68, 80, 82]. Approximately 50 mM Na + is 
required for half-maximal respiratory responses to 
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peptides or monensin. There seem to be similar- 
ities between the effects of SAP-I and monensin. 
It is well known that many types of metabolic 
activation in cells are induced by intracellular 
alkalinization [83]. Thus, induction of respiratory 
stimulation by sperm-activating peptides may be 
explained by the hypothesis that the peptides 
trigger Na + /H + exchange across sperm plasma 
membrane and raise the intracellular pH [43, 84]. 

It has been known that spermatozoa from va- 
rious species including sea urchin spermatozoa 
possess enzymes such as adenylate cyclase, guany- 
late cyclase, cyclic nucleotide phosphodiesterase, 
cyclic nucleotide-dependent protein kinases and 
phosphoprotein phosphatases which are involved 
in cyclic nucleotide metabolism [84-97]. In many 
instances, these enzymes possess higher specific 
activity in spermatozoa than in other tissues. 

Sperm-activating peptides cause transient in- 
creases in sea urchin sperm cGMP concentrations 
as well as cAMP concentrations in both acidic and 
normal sea water [63, 69, 73]. Half-maximal 
elevations of cGMP are 2X10~ 9 M and half- 
maximal elevations of cAMP are 2xl0 -8 M pep- 
tide (Fig. 2). The increases in cGMP concentra- 
tions are explained by transient activation of the 
membrane form of guanylate cyclase, which is a 
major protein of sperm tail plasma membrane [43, 
88, 98-102]. 


Ward and Vacquier reported that within seconds 
after additon of solubilized jelly layer prepared 
from Arbacia punctulata to an Arbacia punctulata 
sperm suspension, a 160 kDa sperm protein dis- 
appeared and a new protein appeared at 150 kDa 
on an SDS-polyacrylamide gel [103-105]. The 
extent fo the change was a function of jelly concen- 
tration but, at a given jelly concentration, was 
independent of incubation time. The change is 
specific for Arbacia punctulata jelly. Thereafter, 
we demonstrated that the factor responsible for 
the change is a sperm-activating peptide whose 
sequence is Cys-Val-Thr-Gly-Pro-Gly-Gys-Val- 
Gly-Gly-Gly-Arg-Leu-NH 2 (SAP-IIA) [69]. Simi- 
lar changes are commonly observed in sea urchin 
spermatozoa of many species treated with a spe- 
cific sperm-activating peptide [70-76]. 
Hemicentrotus pulcherrimus spermatozoa possess 
several major proteins and one of them, which was 
recently identified as guanylate cyclase, changes its 
relative mobility on SDS-polyacrylamide gels from 
131 kDa to 128 kDa upon treatment with SAP-I 
(Fig. 3) [106]. The 160 kDa protein of Arbacia 
punctulata spermatozoa can be labeled with 32 P- 
orthophosphate when intact Arbacia punctulata 
spermatozoa are incubated in sea water containing 
32 P-orthophosphate. The label which is in the form 
[ 32 P]-phosphoserine, disappears completely after 
exposure by the spermatozoa to the solubilized 



Fig. 2. Concentration-dependent effect of SAP-I on cAMP and cGMP concentrations and respiration of 
Hemicentrotus pulcherrimus spermatozoa. See [ref. 73] for experimental details. 
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Fig. 3. Effect of SAP-I on the electrophoretic mobility of a high molecular weight protein of Hemicentrotus 
pulcherrimus spermatozoa. See [ref. 78] for experimental details. 


jelly layer of Arbacia punctulata or SAP-IIA, 
without the corresponding appearance of radioac- 
tivity at 150 kDa [103, 107-108]. The 160 kDa and 
150 kDa proteins have proven to be two forms of 
the same protein and identified as guanylate cyc- 
lase [104]. Loss of phosphate from guanylate 
cyclase and change in the molecular form which is 
dependent upon external Na + and Ca 2+ concen- 
trations result in a large decrease in the specific 
activity of the enzyme [95-96]. Therefore, sperm- 
activating peptides appear to cause an initial tran- 
sient activation and subsequent inactivation of 
guanylate cyclase [102]. The mechanism in detail, 
however, remains to be elucidated. 

Guanylate cyclase of Arbacia punctulata sper- 
matozoa has been proven to be the receptor for 
SAP-IIA but not for SAP-I [98-101, 109]. Dan- 
gott and Garbers reported that the receptor for 
SAP-I on Strongylocentrotus purpuratus spermato- 
zoa is a 77 kDa protein which has no known 
enzyme activity [110-112], Receptors for SAP- 
IIB, SAP-Ill and SAP-IV have yet to be identified. 


FUCOSE SULFATE GLYCOCONJUGATE 

It has long been believed that a fucose sulfate 
polysaccharide or a fucose-sulfate-rich complex in 
the jelly layer of sea urchins is the only substance 
responsible for the induction of the acrosome 
reaction in sea urchin spermatozoa [9, 11-16]. 
Recently, my collaborators and I demonstrated 
that full induction of the acrosome reaction in 
Hemicentrotus pulcherrimus spermatozoa with a 
fucose sulfate glycoconjugate requires a specific 
co-factor, i.e., sperm-activating peptide I (Gly- 
Phe-Asp-Leu-Asn-Gly-Gly-Gly-Val-Gly) [17-18, 
65]. The acrosome reaction of sea urchin sperma- 
tozoa is accompanied by Na + and Ca 2+ influx, and 
H + and K + efflux [44, 113-128]. Activation of sea 
urchin spermatozoa by sperm-activating peptides 
is also accompanied by these ionic changes which 
cause an increased intracellular pH and trigger 
sperm plasma membrane depolarization [82, 129— 
130]. 

In 1952, Dan first discovered using sea urchin 
gametes that the acrosome reaction is essential for 
fertilization and that the factor responsible for the 
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acrosome reaction exists in an extracellular matrix 
called the jelly layer [1]. Since then many investi- 
gators have made tremendous efforts to identify 
this factor and to clarify the mechanism of the 
reaction [2-16]. Ishihara and Dan reported that 
treatment of the solubilized jelly layer of 
Hemicentrotus pulcherrimus with trypsin and pro- 
nase results in a reduction of the acrosome reac- 
tion-inducing ability to about half of that with the 
untreated jelly [5]. SeGall and Lennarz isolated a 
fucose sulfate-containing substance containing less 
than 30% protein from the solubilized jelly layer of 
four species of sea urchin by gel filtration and 
ion-exchange chromatography [13]. They demons- 
trated that the acrosome reaction-inducing capac- 
ity of the substance resides solely in the fucose 
sulfate polysaccharide, although the inducing 
activity decreases during purification. They con- 
cluded that this decrease in activity is due to the 
loss of Ca 2+ during purification. Garbers et al. 
reported that a fucose-sulfate-rich complex 
purified from the solubilized jelly layer of Strong- 
ly ocentrotus purpuratus is capable of elevating 
sperm cAMP concentrations and inducing the 


acrosome reaction [16]. They also demonstrated 
that NaOH or pronase treatment of the complex 
results in significant reductions in both acrosome 
reaction-inducing potency and maximal ability of 
the complexes to elevate cAMP concentrations. 

The fucose sulfate glycocon jugate purified from 
the solubilized jelly layer of Hemicentrotus pul- 
cherrimus induces the acrosome reaction in 
Hemicentrotus pulcherrimus spermatozoa, but the 
potency is about half that of the unfractionated 
jelly (Table 3) [18, 65]. When a sperm-activating 
peptide-free macromolecular fraction is prepared 
from the solubilized jelly layer of Hemicentrotus 
pulcherrimus which is composed of a sialogly- 
coprotein and a fucose sulfate glycoconjugate, the 
rates of the acrosome reaction induced by the 
fraction are also about half that of the original 
unfractionated jelly [17]. The additon of synthetic 
SAP-I to the fraction or the fucose sulfate glyco- 
conjugate increases the rate of the acrosome reac- 
tion to a level comparable with that of the unfrac- 
tionated jelly at all pHs tested. SAP-I promotes 
the acrosome reaction with fucose sulfate glyco- 
conjugate in Hemicentrotus pulcherrimus sperma- 


Table 3. The rate of acrosome reaction in Hemicentrotus pulcherrimus spermatozoa 
in the presence or absence of SAP-I treated with crude jelly, sialoglycoprotein, 
FSG, pronase-digested FSG and carboxymethylated FSG 


Percentage of Reacting Spermatozoa 
Exp. 1 Exp. 2 


Crude jelly 

90% 

87% 

FSG + none 

32 

45 

+ SAP-I 

75 

81 

Pronase-digested FSG 

-bnone 

15 


+ SAP-I 

49 


Carboxymethylated FSG 

+ none 


24 

+ SAP-I 


54 

Sialoglycoprotein 

+ none 


3 

+ SAP-I 


5 

ASW alone 

3 

2 


Spermatozoa were incubated in 0.5 ml of ASW or ASW containing crude jelly [62.5 (Exp. 
1) or 100 (Exp. 2) nmol fucose/ml], sialoglycoprotein (100 nmol sialic acid/ml), fucose 
sulfate gltcoconjugate (FSG) [62.5 (Exp. 1) or 100 (Exp. 2) nmol fucose/ml], pronase- 
digested FSG (62.5 nmol fucose/ml), and carboxymethylated FSG (100 nmol fucose/ml) 
with or without SAP-I (0.5 //M). 
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tozoa in a concentration-dependent manner with a 
half-maximal rate of 4XlO -10 M which is almost 
the same concentration of peptide needed to cause 
half-maximal stimulation of sperm respiration [18]. 
Since SAP-I alone does not induce the acrosome 
reaction and sialoglycoprotein, another large 
molecular weight component of the jelly layer, 
also does not show any appreciable potency for 
induction of the acrosome reaction, we think that 


the major substance responsible for induction of 
the acrosome reaction is the fucose sulfate glyco- 
con jugate and SAP-I promotes the induction of 
the acrosome reaction by acting as a co-factor [65]. 

The fucose sulfate gly cocon jugate isolated from 
the solubilized jelly layer of Hemicentrotus pul- 
cherrimus contains a large amount of protein [65]. 
The proteins associated with fucose sulfate can not 
be removed even when the glycoconjugate is dis- 



ELUTION VOLUME (ml) 






^258K 

^237K 


-120K 



^ 140K 
^ 135K 


Fig. 4. HPLC and SDS-PAGE of intact and carboxymethylated fucose sulfate glycoconju- 
gate isolated from the solubilized jelly layer of Hemicentrotus pulcherrimus. Fucose 
sulfate glycoconjugate is abbreviated as FSG in the figure. See [ref. 65] for ex- 
perimental details. 
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solved in 7 M urea or 0.1% SDS and chromatog- 
raphed on a Sepharose CL-2B or a TSK G-6000 
PW column (Fig. 4). Furthermore, no protein 
band is detectable on the electrophoretogram of 
SDS-polyacrylamide gel electrophoresis (SDS- 
PAGE) of the intact fucose sulfate glycoconjugate 
without a reducing agent such as 2- 
mercaptoethanol. These results suggest that the 
protein may be covalently bound to the polysac- 
charide portions of the glycoconjugate. When the 
glycoconjugate is dissolved in an SDS solution 
containing 2-mercaptoethanol and subjected to 
SDS-PAGE in the presence of 2-mercaptoethanol, 
two major (258 kDa and 238 kDa) and one minor 
(120 kDa) protein bands appeard. A reduced and 
carboxymethylated fucose sulfate glycoconjugate 
(CmFSG) separated into two major (260 kDa and 
240 kDa) and two minor (140 kDa and 135 kDa) 
protein bands on an SDS-gel despite the absence 
of 2-mercaptoethanol (Fig. 4). When CmFSG was 
subjected to HPLC on a TSK G-6000 PW column, 
a fucose-containing material, which possesses ab- 
out 30% of the protein originally associated with 
the fucose sulfate glycoconjugate, was separated 
from the rest of the proteins. These proteins 
separated into 260 kDa, 240 kDa, 140 kDa and 135 
kDa components by SDS-PAGE. This indicates 
that the fucose sulfate glycoconjugate consists of 
fucose sulfate polymers bound to a core protein 
and several other protein components associated 
with each other through disulfide bounds. In order 
to confirm the presence of disulfide bonds in the 
fucose sulfate glycoconjugate, free sulfhydryl 
groups in the fucose sulfate glycoconjugate are first 
treated with non-radioactive iodoacetic acid, 
which results in the carboxymethylation of about 
half of the cysteine residues present in the original 
glycoconjugate, and they are then reduced and 
carboxymethylated with [ 14 C] iodoacetic acid. The 
resulting labeled carboxymethylated glyconconju- 
gate was analyzed by SDS-PAGE, and showed 
that protein bands corresponding to 140 kDa and 
135 kDa proteins have strong radioactivity 
although weaker radioactivity was detected in the 
260 kDa, 240 kDa, 110 kDa and 87 kDa protein 
bands. In amino acid analyses of protein compo- 
nents isolated from CmFSG, a 140 kDa and 135 
kDa protein fraction contained the largest mol% 


of carboxymethylated cysteine. These results sug- 
gest that 140 kDa and 135 kDa proteins, which are 
probably the same protein(s) detected in a 120 
kDa protein band in SDS-PAGE of the intact 
fucose sulfate glycoconjugate with 2- 
mercaptoethanol have more sulfhydryl groups 
than other protein components available for dis- 
ulfide bond formation and may serve to make 
bridge between the polysaccharide bound core 
protein and other protein components. 

Complete carboxymethylation of cysteine re- 
sidues in the major acrosome reaction-inducing 
jelly molecules, the fucose sulfate glycoconjugate, 
results in the release of most of the constituent 
proteins from the glycoconjugate and about a 50% 
decrease in the acrosome reaction-inducing capac- 
ity of the glycoconjugate [65], When about 70% of 
the constituent proteins is removed from the fu- 
cose sulfate glycoconjugate by pronase digestion, 
the resulting fucose-rich glycoconjugate loses more 
than 50% of the acrosome reaction-inducing activ- 
ity of the original untreated glycoconjugate (Table 
3) [18]. In both cases, the decreased potency could 
be partially restored by the addtion of SAP-I, 
monensin , 3-isobutyl-l-methylxanthine (IBMX) 
which is a inhibitor for cyclic nucleotide phospho- 
diesterase or a Ca 2+ -ionophore, A23187 [18]. 
Fucoidan, a polymer of L-fucose-4-sulfate which is 
a major sugar component in the fucan sulfate 
isolated from the solbilized jelly layer of 
Hemicentrotus pulcherrimus, does not appreciably 
induce the acrosome reaction of Hemicentrotus 
pulcherrimus spermatozoa [65]. These results sug- 
gest that the protein moiety of fucose sulfate 
glycoconjugate is involved in the acrosome reac- 
tion although the mechanism remains unclear. 

FUTURE PROSPECTS 

It is known that the acrosome reaction is depen- 
dent on increased intracellular pH [29-30]. SAP-I 
increases an intracellular Ca 2+ which is coupled to 
Na + entry and induces a rise in intracellular pH in 
Strongylocentrotus purpuratus spermatozoa [129- 
130]. Thus, we may presume that SAP-I promotes 
an acrosome reaction with fucose sulfate glyco- 
conjugate by increasing intracellular pH in sperm 
cells. 
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A fucose-sulfate-rich complex obtained from the 
solubilized jelly layer of Strongylocentrotus pur - 
puratus causes Ca 2+ -accumulation, elevates 
cAMP and induces the acrosome reaction [16, 44, 
114, 131-134]. In connection with this, it should be 
noted that monoclonal antibodies against a 210 
kDa glycoprotein purified from Strongylocentrotus 
purpuratus sperm plasma membrane cause an in- 
crease in intracellular Ca 2+ of Strongylocentrotus 
purpuratus spermatozoa and induce the acrosome 
reaction when intracellular pH is increased with 
NH 4 C1 [118, 135-139]. Antibodies induce the 
cAMP-dependent phosphorylation of sperm his- 
tone HI as occurs upon treatment of spermatozoa 
with the solubilized jelly layer of Strongylocentro- 
tus purpuratus [91-93]. Similar results are pre- 
sented by Sendai et al. using sea urchin gametes of 
Strongylocentrotus intermedius [38-39]. However, 
an ionophore A23187 which is known to induce the 
acrosome reaction and acts as a co-factor of a 
pronase-digested fucose sulfate glycoconjugate for 
induction of the acrosome reaction neither induces 
histone HI phosphorylation nor increases cAMP 
concentrations in sea urchin spermatozoa [9, 18, 
92, 140]. This supports the idea which suggests 
that cAMP is not directly involved in the acrosome 
reaction. Since a fucose-sulfate-rich complex 
obtained from Strongylocentrotus purpuratus jelly 
induces the elevation of inositol trisphosphate and 
the elevation is dependent on external Ca 2+ , the 
products generated from stimulated PI turnover in 
sea urchin spermatozoa may be potential second 
messengers in induction of the acrosome reaction 

[141]. 

Sea urchin gametes have long been used for 
studying fertilization and development [3, 29, 43, 
64, 84, 127, 142-152]. It is not an exaggeration to 
say that sea urchin are one of the most extensively 
used experimental animals in basic biology. 
However, we must realize that we do not know 
much about the substances involved in sea urchin 
gamete interaction. An understanding of this 
would not only lead to an understanding of fert- 
lization in mammals and other animals, but it 
would serve as a valuable indicator of mechanisms 
which can be anticipated in cells other than ga- 
metes. Spcrm-activating peptides cause many 
biochemical responses in sea urchin spermatozoa 


such as increases in cGMP and cAMP concentra- 
tions, induction of ionic exchanges across the 
plasma membrane and increases in intracellular 
pH. The mechanism of action of the peptides 
resembles in many aspects that of the atrial nat- 
riuretic peptides, although the mechanism has yet 
to be described in detail [153-156]. Since de Bold 
et al. suggested that a factor released from the atria 
of the heart evokes a variety of physiological 
responses affecting cardiovascular homeostasis, in- 
tensive studies have been carried out in an attempt 
to identify the factor and a receptor(s) for the 
factor [153-159]. Recently, the structure of a 
receptor for atrial natriuretic peptides was deter- 
mined by Chinkers et al. as a result of advanced 
research on a sperm-activating peptide receptor 
[160]. This serves as an excellent example for 
denonstrating that the results of research in one 
field can be applied to solving the problems in 
other fields. 

The receptor for the fucose sulfate glycoconju- 
gate, which is the major substance responsible for 
induction of the acrosome reaction has yet to be 
isolated. Study of the receptor protein appears to 
have great significance because questions have 
arisen as to whether or not this protein could also 
represent a calcium channel. Parallel to the isola- 
tion and characterization of the receptor, the func- 
tion of primary and secondary messengers will be 
an important future area of research, much as in 
other cells. 
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